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1Faculty of Science and Letters, Piri Reis University, Tuzla- Istanbul, Turkey
2Faculty of Science and Letters, Istanbul Technical University, Maslak- Istanbul,
Turkey
3Faculty of Engineering and Natural Sciences, Kadir Has University, Cibali-
Istanbul, Turkey

Spherical alginate beads were prepared by ionotropic gelation of sodium alginate
through the use of calcium ions. Pyranine (Py) was added to the alginate solution as
a small molecule probe for fluorescence studies. Desorption of Py in water from the
alginate beads cross-linked with calcium ions was studied by using the steady state
fluorescence technique. The fluorescence emission intensity (I) from Py was monitored
during the desorption process at 512 nm using the time drive mode of the spectroflu-
orometer. The increase in I was attributed to Py release from the beads. The Fickian
diffusion model was used to calculate the desorption coefficients, D, which were found
to be increased up to 3% (w/v) CaCl2 concentration in the beads, and then decreased
with a further increase of CaCl2 content. On the other hand, the encapsulation efficiency
of Py in the calcium alginate beads presented the reverse behavior compared to D. It
was observed that, when the content of CaCl2 was increased, the incubation time, t0, for
the start of desorption increased.

Keywords alginate, desorption, CaCl2, fluorescence, encapsulation efficiency,
pyranine

Introduction

Alginic acid is a biopolymer consisting of homopolymeric blocks of (1–4)-linked β-d-
mannuronate and α-l-guluronate. The anionic form of alginic acid, alginate, is widely
used in various areas, including controlled release systems,[1,2] food applications,[3] water
purification agents,[4] and many other industrial applications. Alginic acid forms stable gels
as metals interact ionically with blocks of uronic acid residues, resulting in the formation of
a three-dimensional network that is usually described as an “egg-box” structure.[5,6] In the
case of beads prepared from pure sodium alginate, the formation of beads takes place due to
ionotropic gelation of spherical drops. The polyguluronate units in the alginate molecules
form a chelated structure with metal ions, called an “egg-box” junction with interstices in
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which the cations may pack and be coordinated. The junction between the chains formed
in this way is kinetically stable toward dissociation while the polymannuronate units show
the normal polyelectrolyte characteristics of cation binding.

Calcium ion release from alginate gels is known and has been reported in the literature
as it pertains to antibiotics,[7] bacteria,[8] macromolecular drugs,[9] proteins,[10] spermato-
zoa,[11] and vitamins.[12] The mechanical and functional properties of metal-alginate gels
can be modified by adding organic and inorganic compounds to the gel.[13–15] In addi-
tion, it has been reported that the amount of calcium ions affects the surface morphology,
porosity, and drug release behavior.[16,17] Fluorescence probes can be used for the test-
ing of these applications. Py is a water-soluble, pH-sensitive, and intrinsic fluoroprobe.
Adding a luminescent dye as a probe makes it possible to measure intracellular pH val-
ues[18] and proton transfer.[19] Py has been used as a fluorescent probe for monitoring the
gelation of polyacrylamide-sodium alginate composites and sol-gel transition properties
of κ-carrageenan.[20,21] The cation effect on the thermal transition of iota carrageenan has
been performed by a photon transmission technique,[22] and activation energies were found
to be strongly correlated to the CaCl2 content in the system. The monovalent and divalent
cation effects have also been studied as regards the phase transitions of iota carrageenan.[23]

The steady state fluorescence technique has been used previously to study small molecule
diffusion into polyacrylamide at different temperatures,[24] iota carrageenan gels,[25] sorp-
tion and slow release of polyacrylamide,[26] and PVA-pyrene chains in and out of agarose
gel.[27] The Fickian diffusion model was used to quantify the experimental results for each
of these materials and it was found that agarose gel possesses two distinct diffusion regions.

In this study, we sought to examine the desorption of Py in water from alginate beads
cross-linked with calcium (Ca2+) ions by using the steady state fluorescence technique.
Py was added to an alginate solution as a fluorescence probe. The influence of CaCl2
concentration on desorption was observed, and Py release kinetics from the alginate beads
was investigated by using the Fickian diffusion model. The desorption coefficients, D, and
encapsulation efficiency (EE) were calculated. Additionally, the incubation time, to, for
desorption was defined for different CaCl2 concentrations and it was observed that as the
content of CaCl2 was increased, to increased as well, and D was found to decrease linearly
when the EE was increased.

Materials and Methods

Materials

Alginic acid sodium salt (Viscosity of ∼250 cps) was purchased from Sigma-Aldrich Co.
(USA), and calcium chloride dehydrate (analytical grade) was obtained from J.T. Baker
Co. (Holland). Fluorescence measurements were performed with the use of a Shimadzu
RF-5301PC spectrofluorometer (Japan) at room temperature.

Preparation of Beads

Sodium alginate was dissolved in 5 mL deionized water at a concentration of 2% (w/v),
and the Py content was kept constant at 10−4 M in the solution. The solution was mixed
and left for several hours to eliminate air bubbles. It was then added dropwise through
a 0.8 cm inner diameter syringe to a calcium chloride solution of various concentrations
(0.5–20% (w/v)). The addition of the alginate/pyranine solution was conducted 20 cm over
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the calcium chloride solution vessel in order to produce perfect spherical beads. The formed
beads were filtered, washed three times with deionized water to make sure that the Py was
completely removed from the surface of the beads and then placed on a Petri dish. The
beads had an average diameter of 2.0 ± 0.1 mm.

Encapsulation

The amount of Py that escaped into the calcium chloride solution and washing water during
preparation was determined using the absorption at 290 nm via UV-VIS spectroscopy.[28]

Py calibration plot procedures were conducted as follows: Various amounts of standard Py
calibration solutions were prepared and their absorbances at 445 nm were measured using
the Shimadzu UV-1800 spectrometer. After that, the absorbance values of the samples were
also measured. EE of Py in the alginate beads was calculated by using Eq. (1)

EE (%) = n0 − (nm + nw)

n0
× 100, (1)

where no is the initial amount of Py, and nm and nw are the amount of Py in the calcium
chloride solution and washing water, following preparation of the beads, respectively. The
units are in moles.

Desorption

Suitable amounts of wet beads were placed at the bottom of a quartz cuvette in order to
create a single layer structure. After 1 mL of deionized water was added without disturbing
this single layer, the cuvette was immediately placed into the spectrofluorometer. The
position of the single layer alginate beads in the cuvette with and without 10−4 M Py before
and after desorption are given in Figs. 1(a) and 1(b), respectively. Excitation wavelength

Figure 1. Position of alginate beads with Py on the bottom of the fluorescence cuvette (a) before
and (b) after desorption process.
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Figure 2. Fluorescence spectra of Py desorbed into water from the beads cross-linked with (a) 1,
(b) 5, and (c) 20% (w/v) CaCl2 solution, respectively, at 50, 100, and 200 min.

and fluorescence emission wavelength were set to 340 and 512 nm, which were used to
monitor the Py desorption into the desorption media (water) using the time-drive mode
of the spectrofluorometer. At the end of the measurement, the cuvette was taken out and
shaken well in order to let the Py diffuse completely into the water. At this point, the



Small Molecule Desorption from Alginate Beads 1161

Figure 3. Normalized fluorescence intensity at 512 nm, I/I∞, versus time for the beads cross-linked
with (a) 1, (b) 5, and (c) 20% (w/v) CaCl2 solution, respectively.

final fluorescence intensity (I∞) of the solution was measured to normalize the emission
intensities, I. The Py increased into the water linearly and nearly saturated as the Py was
released from the beads.

Fickian Model

The mathematical theory of diffusion in isotropic substances is based on the hypothesis that
the rate of transfer of diffusing substances through the unit area of a section is proportional
to the concentration gradient measured normal to the section, i.e.,

F = −D
∂C

∂z
, (2)
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Figure 4. Incubation time t0(s) versus% (w/v) CaCl2 solution content.

where F is the rate of transfer per unit area of the section, C is the concentration of diffusing
substance, z is the space coordinate measured normal to the section, and D is called the
diffusion coefficient. In the case of diffusion in dilute solutions, D can reasonably be taken
as constant. The negative sign in Eq. (2) arises because diffusion occurs in the direction
opposite to that of increasing concentration. From Eq. (2), by using simple geometric
considerations, the differential equation of diffusion in one dimension can be derived as:

∂C

∂t
= D

∂2C

∂2z
. (3)

Eqs. (2) and (3) are usually referred to as Fick’s first and second laws. Diffusion occurs
just in the z direction. When the boundary is kept at a constant concentration, C0, the initial
concentration being zero throughout the medium. Eq. (3) satisfies the boundary conditions
which for t = 0 at z = 0, C = 0 and for t ≥ 0, at z = a, C = C0.

Table 1
Experimentally measured parameters for the beads cross-linked with various% (w/v) CaCl2

solution

% (w/v) CaCl2
solution

Initial
height∗ (mm)

Incubation
time, t0 (s)

Encapsulation
efficiency of
pyranine (%)

Desorption
coefficient, D∗10−12

(m2/s)

0.5 2.0 300 16.92 62.17
1 2.0 1000 25.15 59.41
3 2.0 2100 42.48 52.78
5 2.0 2800 52.18 47.75
10 2.0 3600 59.84 42.98
20 2.0 4300 63.52 41.83

∗Equals bead’s diameter.
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Figure 5. Fit of the desorption data in Fig. 3 according to Eq. (5) for the beads cross-linked with (a)
1, (b) 5, and (c) 20% (w/v) CaCl2 solution, respectively.

Eq. (3) can be solved as:

Mt

M∞
= 4

π1/2

(
Dt

a2

)1/2

− Dt

a2
− 1

3π1/2

(
Dt

a2

)3/2

+ ... (4)

where Mt and M∞ are the amount of material diffused in time t and at equilibrium,
respectively, and a represents the thickness of the disc shape structure.[29]
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Figure 6. Desorption coefficients D and encapsulation efficiency (EE) versus various% (w/v) CaCl2

solution, respectively.

Results and Discussion

The typical fluorescence spectra of Py desorbed into water from the alginate beads cross-
linked with 1%, 5%, and 20% (w/v) CaCl2 solutions at various times are presented in Fig.
2(a)–(c), respectively.

During desorption experiments, one should expect an increase in fluorescence intensity
at 512 nm due to the increasing amount of free Py molecules in the water, as presented in
Fig. 2. In order to quantify the behavior of I at early times, Eq. (4) can be written in the
following way:

I

I∞
= 4

π1/2

(
Dt

a2

)1/2

. (5)

Here, it is assumed that the amount of desorbed pyranine molecules, MtandM∞, are
proportional to I and I∞. The fluorescence intensities at 512 nm which were measured
versus time are shown in Fig. 3(a)–(c) for the alginate beads cross-linked with 1%, 5%, and
20% (w/v) CaCl2 solutions, respectively.

The Py intensity, I, during desorption, were normalized according to the highest inten-
sity, I∞, at the longest time. It was seen that the fluorescence intensity increased, indicating
that Py molecules were released gradually from the beads cross-linked with various cal-
cium ion contents as the desorption time was increased. The curves in Fig. 3 show typical
desorption behavior, and the desorption process can be treated using the Fickian diffusion
model. It is interesting to note that the desorption process starts after a certain time, called
the incubation time, t0, at which desorption just starts to increase. It is the time required for
the beads to absorb enough water and mobilize Py in the bead before Py desorption starts.
Figure 4 shows the variation of t0 versus calcium ion content in the solutions; they are also
listed in Table 1. As can be seen in Fig. 4, when the calcium ion content was increased, t0
increased as expected, due to the degree of cross-linking in the alginate beads, i.e., more
ions create stronger gels which kept the Py molecules in the alginate beads, resulting in
a delay in the desorption process because of the egg-box junction of Ca2+ ions.[5–6] That
indicates a higher amount of cross-linking is related to amount of Ca2+ ions.
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Figure 7. Desorption coefficients D versus EE for various% (w/v) CaCl2 solution.

The fits of normalized fluorescence intensities by using Eq. (5) are shown as a function
of time in Fig. 5(a)–(c) for the beads cross-linked with 1%, 5%, and 20% (w/v) CaCl2 solu-
tions, respectively; they produced the desorption coefficients, D, which are listed in Table 1.

The D values decreased and the EE of Py in the calcium alginate beads showed the
reverse behavior with increasing CaCl2, presented in Fig. 6 and given in Table 1. The EEs
were obtained in the range of 16.92–63.52%; the beads cross-linked with 0.5% (w/v) CaCl2
solution gave the lowest EE% of 16.92% and the beads cross-linked with 20% (w/v) CaCl2
solution resulted in the highest EE% of 63.52%.

To interpret the above results, the desorption coefficients and EE versus (w/v) CaCl2
solution content are plotted in Fig. 7, where it is seen that the desorption coefficients
decreased[30] as EE increased, indicating that the total Py released from the beads decreased
as the EE of the beads increased. The removal of the Py molecules in the beads cross-
linked with 0.5% (w/v) CaCl2 solution showed the lowest EE and the highest desorption
coefficient. On the other hand, the Py release from beads cross-linked with a 20% (w/v)
CaCl2 solution was the lowest, leading to the greatest EE and the smallest desorption
coefficient. In other words, the highest EE produced the lowest D. It could be explained by
the fact as expected, that the use of higher CaCl2 solution would increase the cross-linking
of the beads, increasing the EE, and delaying the release.

Conclusions

In this study, we calculated and compared the desorption coefficients with the encapsulation
efficiencies in alginate beads cross-linked with various% (w/v) CaCl2 solutions. The steady
state fluorescence method combined with the Fickian diffusion model was employed to
produce desorption coefficients. It was seen that increasing the calcium ion concentration
in the beads led to a decrease in the desorption coefficient and an increase in the EE of the
calcium alginate beads. The results showed that the highest% (w/v) CaCl2 concentration
produced the lowest desorption coefficient for the beads, which can be explained in terms
of the increasing of cross-linking in the beads and the egg-box junction structure of Ca2+

ions.
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